ICARUS 124, 569-585 (1996)
ARTICLE NoO. 0231

Photopolarimetry Analysis of the Venus Atmosphere in Polar Regions

Makoto SATO

NASA Goddard Institute for Space Studies/SSAL 2880 Broadway, New York, New York 10025
E-mail: pdmrs@giss.nasa.gov

LARRY D. TrAVIS

NASA Goddard Institute for Space Studies, 2880 Broadway, New York, New York 10025

AND

KryosHi KAwWABATA

Department of Physics, Science University of Tokyo, 1-3 Kagurazaka, Shinjuku-ku, Tokyo, Japan 162

Received January 11, 1996; revised June 4, 1996

An analysis of linear polarization in the north and south
polar regions of Venus observed by the Pioneer Venus orbiter
during the first 2820 days of its mission has been performed
to find microphysical properties of the submicrometer particles
and to investigate the temporal variation of the optical thickness
of the haze layer. The search for the best values of the physical
properties and vertical distribution of the haze particles is based
on minimization of the RMS discrepancy between the computed
theoretical polarization and observed polarization, under the
assumption that the variation of the observed polarization is
due to the temporal variation of the optical thickness of the
haze layer. This approach allows us to use a simple model which
can explain well general features of the angular distribution of
polarization for a large number of maps at wavelengths 935,
550, and 365 nm. We find that in the north polar region the
haze particles have effective radius 0.25 = 0.05 pum, effective
variance 0.25 * 0.05, and real part of the refractive index
1.435 = 0.02 at wavelength 550 nm. In the south polar region,
the haze particles have effective radius 0.29 = 0.02 um, effective
variance 0.25 = 0.03, and real part of the refractive index
1.45 = 0.02 at wavelength 550 nm. Temporal variations of
optical thickness of the haze particles in both polar regions
seem to exhibit short-period quasi-oscillation features and our
present analysis suggests some correlation between the varia-
tion in optical thickness of the haze layer in the north and
south polar regions. 0199 Academic Press, Inc.

1. INTRODUCTION

To the remote observer of Venus, the dominant feature
is the unbroken cloud layer shielding the planet’s surface
in visible light. Until the late 1960s, very little was known
about the physical properties and vertical structure of these
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clouds. Then in the early 1970s several important studies
revealed the microphysical properties of the cloud particles
(Hansen and Arking 1971, Hansen and Hovenier 1974)
through the analysis of ground-based polarimetry observa-
tions by Dollfus (1966), Coffeen and Gehrels (1969), and
Dollfus and Coffeen (1970). At about the same time, analy-
sis of spectrophotometry of Venus (Martonchik 1974, Sam-
uelson et al. 1975, Young 1974, 1975) and physical chemis-
try studies (Sill 1972, Young 1973) strongly suggested that
the chemical composition of the cloud particles was con-
centrated sulfuric acid. Early evidence regarding vertical
structure at the top of the Venus clouds was provided by
observations of the extension of the cusps of Venus in
crescent phase and from its transits across the Sun (Dollfus
and Maurice 1965, Goody 1967, Link 1969), which indi-
cated arather diffuse distribution. High altitude haze layers
were apparent in the limb pictures taken by the Mariner
10 spacecraft (O’Leary 1975), in which two distinct layers
separated by a few kilometers in altitude were observed.
Martonchik and Beer (1975) invoked a haze layer lying
above the main cloud and consisting of particles with radius
0.4 uwm and optical thickness ~0.2 to explain the observed
phase-angle dependence of the Venus reflectance in the
3—4 um spectral region. Although this result seemed to be
inconsistent with the earlier polarimetry analysis at visible
wavelengths, Lane (1979) found evidence suggesting the
existence of haze particles with radii on the order of 0.2
wm from spatially resolved Venus polarimetry obtained in
1975 (Gehrels et al. 1979).

Previous analysis of early data taken by the Pioneer
Venus Orbiter Cloud Photopolarimeter (OCPP) revealed
the existence of submicrometer particles extending above
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TABLE 1
Properties of Venus Clouds
Region Altitude Temperature (K) | Optical Depth DensitX Particle Size Refractive
(km) (at 630 nm) (Ncm ™) (radius; um) Index
Upper Haze 70.0 - 90.0 225-190 02-1.0 500 0.2 1.45
Urper 56.5 - 70.0 286 - 225 6.0 -8.0 1500 0.2 (mode 1) 1.44
Cloud 50 1.0 (node 2)
Middle Cloud | 50.5-56.5 345 -286 10.0-12.0 300 0.15(mode 1) 1.42,1.38
50 1.25(mode 2)
10 3.5 (mode 3)
Lower 47.5-50.5 367 -345 6.0-12.0 1200 0.2 (mode 1) 132 (?)
Cloud 50 1.0 (mode 2)
50 4.0 (mode 3)
Pre-cloud 47.5 367 0.1 150 0.15(mode 1) 1.46, 1.50
Layers 46.0 378 0.05 50 1.0 (mode 2)
Lower Haze 31.0-47.5 482 - 367 0.1-02 20 0.1 unknown

the main cloud, with the polar regions typically exhibiting
amounts of such haze greater than that observed at lower
latitudes. Kawabata et al. (1980, hereafter referred to as
Paper 1) estimated the haze particles to have effective
radius 7. = 0.23 £ 0.04 um, effective variance of the size
distribution vy = 0.18 = 0.1, and real part of the refractive
index n, = 1.45 = 0.04. The average optical thickness of
the haze layer in the polar region was found to be 0.83 at
A = 365 nm.

Beginning in the late 1970s, in situ measurements by the
Venera 9-12 landers, the Pioneer Venus probes, and the
Vega 1-2 balloon landers provided detailed information
on the vertical structure and particle sizes below the cloud
top (65 km altitude) region (Marov et al. 1977, Marov 1978,
1979, Marov et al. 1980, Knollenberg and Hunten 1980,
Ragent and Blamont 1980, Sagdeev and Moroz 1986). Ta-
ble I summarizes the Venus cloud and haze properties
deduced from these Pioneer Venus, Venera, and Vega
mission results (cf. Esposito et al. 1983). While the identifi-
cation of the haze particles and most of the cloud particles
as concentrated sulfuric acid seems relatively firm, there
remains uncertainty regarding the source of near-ultravio-
let absorption within the cloud and other ““‘minor”’ chemical
constituents (Krasnopolsky 1985, Hartley et al. 1989, Be-
zard et al. 1990, Carlson et al. 1991). Uncertainty also per-
sists with respect to the phase and composition of the
larger, mode 3 particles (Knollenberg and Hunten 1980,
Andreichikov et al. 1987, Carlson et al. 1993, Grinspoon
et al. 1993, Krasnopolsky and Pollack 1994).

In Paper 1, we deduced the properties of the haze based
upon the analysis of OCPP polarimetry data obtained only
during the nominal mission, viz., the first 243 orbits. The
longer-term OCPP data set permits us to refine the earlier
estimates and address the question of temporal variability
of the haze. In the present analysis, we use OCPP polarime-

try maps that cover the period from the start of the mission
through orbit 2820 and employ a simple haze-cloud model
to fit these data with our initial emphasis on the retrieval
of the haze properties in the polar regions. The following
section describes the polarimetry observations and summa-
rizes the polarimetry maps employed in the analysis. This
is followed by a description of the modeling approach and
the results of our analysis.

2. DATA

The OCPP instrument obtains spin-scan maps using a
positionable telescope, which can provide look angles in
the range from 0° to 145° from the direction of the space-
craft spin axis, whose nominal orientation is toward the
South ecliptic pole. Since the spacecraft is near Venus,
the phase angle varies slightly from one map element to
another (Travis et al. 1979). We define mean phase angles
for each map, taken to be the averages over measurable
pixels in each zone (e.g., polar or equatorial) of the visible
planet disk weighted by the intensity. Because of the near-
polar orientation of the spacecraft orbit, obtaining full
phase angle coverage requires observation over almost one
half the Venus sidereal year (~112 days); so to the extent
that we employ characteristics of polarization dependence
on phase angle, some shorter term temporal variation is
more difficult to identify. The OCPP instrument measures
intensity, linear polarization degree, and the direction of
polarization at four wavelengths: 270, 365, 550, and 935
nm. Since the orbital period of the spacecraft is approxi-
mately 24 hr (Colin 1979), the orbit number essentially
equals the number of terrestrial days elapsed since Decem-
ber 4, 1978, the day of orbit insertion.

For the analysis of polarimetry data in the equatorial
and both polar regions, we have selected more than 700
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maps from the first 2820 days of the Orbiter mission. After
that point, the power sharing strategy resulted in the exclu-
sion of polarimetry maps with phase angles larger than
90°, so we have restricted coverage to the earlier period
to maintain approximately uniform distribution of maps
with phase angle. Most of the selected maps have telescope
look angles close to 90°, at which comparable views of both
southern and northern hemispheres were obtained. Since
one of our ultimate objectives is to determine whether the
physical properties of aerosols in the polar regions differ
systematically from those at lower latitudes, we have di-
vided the maps into latitude zones: the north and south
polar regions are defined as the zones from 90°N to 70°N
and from 70°S to 90°S. A comparable number of pixels in
the equatorial region is obtained by defining that zone as
latitudes 2°N to 2°S. The present study is focused on the
polar regions because the larger slant paths of illumination
and observation, as well as the generally greater haze thick-
ness there, permit haze property retrievals that are rather
insensitive to model assumptions regarding the underlying
clouds. Figure 1 displays the linear polarization degree vs
phase angle (hereafter referred to as P-P diagram) for
these maps at 935, 550, and 365 nm separately for the north
and south polar regions. Data at 270 nm were not included
in this analysis because of the low signal-to-noise ratio.

As described in Paper 1, the distinctive feature of the
submicrometer haze particles is the often large positive
polarization at middle phase angles for 935 nm in contrast
to the negative polarization corresponding to the 1-um
cloud particles. The panels for 935 nm in Fig. 1 illustrate
this quite effectively with various maps showing a very
broad scatter of points over the phase angles between ~30°
and ~160°. The natural interpretation of this scatter is that
to first order, it represents variation in the optical thickness
of the haze overlying the cloud. At phase angles below
about 30°, it is more difficult to distinguish the polarization
signatures of the haze and cloud particles, so we exclude
those maps in most of our analysis to retrieve haze charac-
teristics.

Closer examination of the large scatter in polarization
over the broad range of phase angles reveals that much of
the variation is attributable to the long time span for the
full data set and that maps acquired over shorter periods
show a more systematic, “well-behaved” variation that
suggests a grouping into families or branches. Figure 2
illustrates such a grouping with solid lines approximately
connecting the points for the maps of Fig. 1 into branches
labeled A through K, with the respective ranges of corre-
sponding orbit numbers for each branch listed in Table II.
The sequences of three values separated by slashes for
number of maps in Table II correspond (left to right) to:
(i) the number of maps that have both polar zones visible,
(ii) the total number of maps actually used for the analyses,
and (iii) the total number of maps available prior to de-
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scribed exclusions and restrictions. Pairs of haze optical
thickness at 935 nm are averages over the maps in catego-
ries (i) and (ii) based upon our analysis described below.
Branch A includes some data from the nominal mission
that were used in Paper 1. However, more than half of the
data used in Paper 1 are omitted from the present analysis,
since we imposed the following restrictions to obtain more
accurate results: (i) The intensity of each pixel used must
be =100 DN. (ii) Each zone should have at least three
pixels above the intensity threshold. (iii) Each map should
have an approximately comparable view of both the south-
ern and northern hemispheres. (iv) Each map should have
data at all three wavelengths employed in the complete
analysis.

Among the various branches in Fig. 2, the 19 maps from
orbit number 1700-1720 that make up branch I in the
north polar region have peculiar features: a markedly lower
polarization degree at 550 and 935 nm, and a very high
polarization degree at 365 nm around phase angles 90°
~ 120°. In contrast, maps before orbit 1640 show similar
features to those after orbit 1790. This seemingly anoma-
lous behavior can be seen over a broad range of latitude
zones, although departures of the polarization features in
the southern hemisphere are not so obvious as in the north
polar region. Qualitatively, these features might be ex-
plained by a virtual absence of haze and lower than normal
cloud top altitude resulting in higher polarization at 365 nm
from Rayleigh scattering. Since our strategy is to determine
average haze particle properties using a simple model that
allows for modest temporal variation in the optical thick-
ness of the overlying haze, we elected to exclude these 19
maps from the most general analysis and will report the
results of a specific investigation of this branch in a future
paper. After the indicated exclusions and restrictions, we
have available for the present analysis 327 maps for the
north polar region and 234 maps for the south polar region.
This set of maps provides good sampling of phase angles
and time as illustrated by Figs. 1 and 2 and Table II.

3. THEORETICAL MODEL

The simplest model that can explain the detailed features
of the polarization data obtained by the OCPP requires
three layers: the base cloud, an overlying haze layer, and
clear gas above the haze. The existence of submicrometer
haze particles above 70 km altitude has been established
by analyses of several types of remote sensing data (Mar-
tonchik and Beer 1975, Lane 1979, Lane and Opstbaum
1983, Paper 1), and the qualitative inference from the 935
nm OCPP data in Fig. 1 is that substantial amounts of
polar haze have been present at various times throughout
the first eight years of the Pioneer Venus Orbiter mission.
Since photons emerging from the atmosphere after several
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OCPP polarimetric data at three wavelengths around polar regions. Panels (a) are around the north polar region (90°N-—70°N) and

panels (b) are around the south polar region (70°S-90°S). Circles indicate data at a morning terminator and triangles indicate data at an evening

terminator phase.

scatterings lose their polarization features and become es-
sentially unpolarized, the features of the linear polarization
are mostly determined by the first several orders of scatter-
ing, and at most by layers down to optical thickness of
order unity. Thus, it is not necessary for us to use a detailed

model for the base cloud that includes all of the structure
inferred from the in siftu measurements by various probes
and landers. Furthermore, at the pressure level of the cloud
tops on Venus (cf. Hansen and Hovenier 1974, Paper 1),
the contribution from Rayleigh scattering by molecules to
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FIG. 2. Temporal grouping of OCPP polarimetric data according to observation periods. Details of each branch are listed in Table II. Panels
(a) are around the north polar region (90°N-70°N) and panels (b) are around the south polar region (70°S-90°S).

the observed polarization is quite small at 935 nm, but information from the Rayleigh scattering contributions at
since Rayleigh scattering is proportional to A, it is not 550 and 365 nm, as well as to verify the consistency of the
negligible at 550 nm and at 365 nm. Thus, our strategy is haze characteristics derived from the 935 nm modeling.

to use the data at 935 nm to determine the properties of It is neither computationally practical nor likely war-
the haze particles and then to deduce vertical structure ranted by actual physical conditions to attempt to derive
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TABLE II
Average Optical Thicknesses for Branches at 935 nm
Branch| Orbit-number | Number of Maps (North) | Average © (North) | Number of Maps (South) | Average t (South)
A 0001 - 0620 06/40/ 66 0.37/0.26 06/25/34 0.29/0.22
B 0621 - 0745 16/29/47 0.13/0.16 16/24/37 0.08/0.08
C 0746 - 0830 06/42 /50 0.12/0.10 06/11/21 0.07 /0.09
D 0831 - 0969 17/27/46 0.09/0.10 17/49/65 0.10/0.12
E 0970 - 1075 17 /56 /98 0.04/0.06 17/16 /35 0.03 /0.03
K 1076 - 1160 08/15/15 0.07 /0.08 08/29/34 0.07/0.13
G 1161 - 1380 00/34/45 k% 10,10 00/20/24 *ExE[(0,12
H 1381 - 1649 08/22/36 0.10/0.18 08/33/35 0.22/0.14
I 1650 - 1780 00/00/19 falebelell Bahelold 00/00/00 el Bl
J 1781 - 1850 00/3S/35 **xk /(.31 00/00/00 ok [ kokkk
K 1851 - 2820 05/27/32 0.03 /0.04 05/27/29 0.03 /0.05

a unique model of the physical properties and vertical
structure of the haze for each polarimetry map. Rather, our
primary objective is to characterize the long-term behavior
using the simple three-layer model to fit all of the data in
each polar region independently under the assumption that
the temporal variation of observed polarization at 935 nm
is mainly due to the variation of optical thickness of the
haze layer. That is, the physical properties of the haze
particles, namely, the effective radius r., the effective
variance of haze particle size distribution v, and the real
part of the refractive index n,, are assumed to be constant
for the entire observation period. While it is reasonable
to expect that the refractive index of the haze particles is
essentially constant over very long time periods, we might
well find that temporal variation of particle size is not only
plausible, but perhaps likely. But if such variation in haze
particle size is modest, then we may expect that our simple
model can describe fairly well most of the features of the
angular distribution of polarization degree at 935, 550, and
365 nm and provide long-term average particle properties
that will serve as a starting point in returning to examine
smaller groups of maps for short-term variations.

The 1-um cloud particles on Venus have been unambig-
uously identified as spherical based on the distinctive
cloudbow feature in the angular distribution of their polar-
ization (Hansen and Hovenier 1974, Paper 1). The polar-
ization signature of the haze particles is consistent with
the assumption that they are spherical, although for these
smaller particles, modest non-sphericity would be harder
to detect (Mishchenko and Travis 1994). We assume both
haze and cloud particles are in fact spherical and thus use
Mie theory to compute the single-scattering properties.

Base-cloud particles have an effective radius of 1.05 wm;
the effective variance of the size distribution (taken to be
represented by the standard gamma function) is 0.07; the
real part of the refractive index is 1.43, 1.44, and 1.46 at
935, 550, and 365 nm, respectively. These properties were

deduced by Hansen and Hovenier (1974) from a detailed
analysis of ground-based polarimetry. The existence and
narrow size distribution of these particles was confirmed
by the in situ Pioneer Venus probe measurements reported
by Knollenberg et al. (1980). Particle single scattering al-
bedo, which is necessary in performing the multiple scatter-
ing computation, is derived by forcing the values of the
computed spherical albedo to match the observed spherical
albedo: 0.90, 0.87, and 0.57 at 935, 550, and 365 nm, respec-
tively (cf. Travis 1975, Moroz 1983). We begin with the
polarimetry data at 935 nm, where contribution by Ray-
leigh scattering is insignificant, and using the doubling-
adding method (cf. Hansen and Travis 1974), we calculate
the theoretical polarization corresponding to the scattering
geometry of each map element for an assumed set of haze
particle properties, reg, Uegr, and ., for 11 values of haze
optical thickness 7, in the range from 0.0 to 1.0. To measure
how close the results of the theoretical computation are
to the data, a weighted RMS error is introduced as

S, [PHO 7) PO )PSO
k=1 , (1)

g\, 1) = w
Z] [T5 W]

where i, j, and k indicate the ith map, the kth pixel, and
the jth optical thickness, respectively. V;is the total number
of pixels for the ith map, and Pi(A, 7;), P%, (A, 7;), and
I% (X) are theoretical polarization, observed polarization,
and observed intensity for the kth pixel of the ith map
for given optical thickness 7;, respectively. We employ
weighting by intensity because pixels with low intensity
will typically have somewhat less accurate observed polar-
ization.

The average theoretical and observed polarizations for
a map are defined by
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where Iif(A, 7;) is theoretical intensity for the kth element
of the ith map for a given 7;, and 1%, (A) is observed intensity
for the kth element of the ith map at the wavelength A.
Minimum RMS error &;,(A) for the ith map is obtained
by quadratic interpolation over the set of &(A, 7;) associ-
ated with the 11 optical thicknesses for the ith map and
the optical thickness corresponding to that minimum is
thus the 7, that provides the best fit for the specified r.,
Uetr, and n, values for that map. Haze optical thickness
is thus treated as a map-dependent parameter with the
expectation that the most significant temporal variation is
adequately simulated. We also find the theoretical polar-
ization Pi,()) corresponding to &i;,(A) for the map by a
similar quadratic interpolation in the set of P{u(A, 7).

Now we must define an appropriate quantitative mea-
sure of how well a model with a given set of 7, Ve, and
n, fits the entire set of maps for each of the polar regions.
One obvious possibility is the average of e;,(A) over all
maps, or we might instead use a new RMS error based
upon the zone-averaged observed and theoretical polariza-
tion for each map, with the square differences summed
over all maps,

> [Pi(V) = Piu(V)P
so()) = 4| = m , (4)

where M is the total number of maps. After experimenting
with both of these measures of fit, we adopted the latter
because the minimum &y(A) value seems to give a better
fit of the theoretical polarizations for most of the data over
the entire phase diagram.

Once we have found the set of haze particles properties,
Tetts Uetr, and n,, that best fit the maps for 935 nm, we turn
to consider the data at 550 and 365 nm. Effective radius
and variance of the size distribution retrieved from the fit
at 935 nm must of course be the same at the two shorter
wavelengths. Although refractive index is wavelength de-
pendent, we expect that the values at 550 and 365 nm will
not prove to be markedly different from that found for
935 nm. Haze optical thickness for a single map is not a
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free parameter, but should be scaled by the ratio of the
extinction cross sections following

Qext(/\)
Qext(/\o)

m(A) = (o), ®)

where Q. (1) and Q.,(A) are the cross sections for single
scattering at wavelengths Ay and A, respectively. Absent
other considerations, the normal strategy for analyzing the
data at 550 and 365 nm would be to first scale the optical
thickness of an individual map at 935 nm to those appro-
priate for 550 and 365 nm, and then a gas layer of optical
thickness mz for Rayleigh scattering is placed above the
scaled haze layer and allowance for the contribution to
the polarization due to Rayleigh scattering by gas within
the haze layer is parameterized by the Rayleigh fraction
frnfor each map to obtain the best fitting gas amount. With
this approach, each map has its own haze optical thickness,
overlying gas layer, and Rayleigh fraction, so that there
would be 327 different models for the north polar region
for each wavelength. Because of the excessive computa-
tional demands that this would impose, we have instead
adopted an approach in which we create several groups,
each composed of maps with relatively similar 7, values at
935 nm. Then for each group, we derive the best fitting
model in a manner analogous to that used in the 935 nm
analysis. That is, the temporal variation of polarization for
maps at 550 and 365 nm is assumed to be mostly due to
the variation of the gas layer optical thickness, which is
retrieved for each map through minimization of the ob-
served vs theoretical polarization differences. The optical
thickness of the haze layer is fixed at the scaled value using
Eq. (5) for the average 7, at 935 nm for all of the maps in
the group.

4. ANALYSIS

Finding the minimum value of g, in the three dimen-
sional parameter space (e, Uegr, 1;) is Of course a computa-
tionally intensive problem. Since g, is far from being a
simple analytic function, we cannot expect to determine a
precise convergence point, but rather look for the approxi-
mate region which has the minimum error between ob-
served and theoretical polarization for all of the maps. The
search covers the following ranges of physical parameters:
0.0 < rer = 1.0 (um), 0.0 < v = 0.5, and 1.1 < n, =< 2.0,
which are chosen to be sufficiently broad to ensure that
the best fitting values are encompassed. This parameter
space is divided into 5 X 5 X 5 smaller cubes and for 6 X
6 X 6 grid points within each cube. The Powell method
(cf. Beveridge and Schechter 1970) is applied to optimize
the search for the point which gives the minimum value
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of &y. The Powell method provides optimum convergence
with computations required at a minimum number of grid
points if the optimization function is approximately qua-
dratic in behavior. However, in view of the likely complex
functional behavior of ¢y we make additional direct compu-
tations at many other grid points to ensure that the solution
is reasonably well behaved.

We find that the best-fitting model for the 327 maps for
the north polar region has physical parameters for the haze
of reg = 025 = 0.05 um, vy = 025 = 0.10, and n, =
1.43 = 0.01 at 935 nm, and the logarithmic average of haze
optical thickness over all maps is (rp>°y= 0.101 * 0.02. The
uncertainty estimates indicated for each parameter are
based upon the variation in the value of the respective
parameter for g values within 15% of the minimum error.
If the parameters of this best fitting model are used for
the larger set of maps that includes those with phase angles
=30° the value of g, is increased by only 3% from that
for the set of 327. Thus, despite the fact that the haze
polarization signature is less distinctive at small phase
angles, the retrieved haze particle properties are nonethe-
less consistent with the observed polarization for those
maps.

A similar analysis of the 234 maps for the south polar
region yields physical values rei = 0.29 = 0.02 um, v =
0.25 + 0.03, and n, = 1.43 = 0.01 at 935 nm and {(7p>°) =
0.0964 = 0.015. Haze particle effective radius found for
the south polar region is slightly larger than that for the
north, although within the estimated uncertainties, they
are similar and in approximate agreement with the result
we found in Paper 1, viz., 0.23 = 0.04 wm. Best fitting size
distribution variance and refractive indices are identical for
two polar regions and the long-term average haze optical
thicknesses are similar. Haze particle size is consistent with
the analysis of OCPP limb scan data by Lane and Opst-
baum (1983). Krasnopolsky (1983) inferred a size of 0.25
pm for the upper haze particles by analyzing spectroscopy
data obtained by Veneras 9 and 10.

Henceforth, we focus on the data for the north polar
region in order to verify the consistency of the haze particle
properties deduced from the data at 935 nm and derive
vertical structure information from the contribution to the
observed polarization by Rayleigh scattering at the two
shorter wavelengths. Each model now explicitly includes
a layer of gas above the haze as well as the contribution
from gas within the haze layer as represented by the Ray-
leigh fraction. Additional parameters to be derived are the
haze particle refractive indices at 550 and 365 nm. The
only computationally practical strategy is to use a haze
layer with a fixed, average optical thickness for a set of
maps and assume that all of the temporal variability in the
observed polarization at 550 and 365 nm can be explained
by map-dependent optical thickness of the gas layer. Al-
though we will ultimately find that it is necessary to use
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sets of maps sorted on the basis of similar haze optical
thicknesses found from 935 nm analysis, we begin by con-
sidering a set that includes all of the maps and uses the
corresponding long-term average haze optical thickness.

Using essentially the same approach employed to find
haze layer optical thickness at 935 nm, we determine a
best fitting 7z, Rayleigh scattering optical thickness of the
gas layer, from a set of models computed for 11 values of
mr by interpolating to find the minimum RMS error for
each map. Then we find the haze particle refractive index
and Rayleigh fraction fr, which correspond to the mini-
mum gy(A) the entire set of maps. Operationally, it is most
straightforward to perform this procedure for 550 and 365
nm independently. However, since the Rayleigh scattering
coefficient scales as A~%, the optical thicknesses of the gas
layer at the two wavelengths are obviously not indepen-
dent. Initial best fitting models do not satisfy the requisite
wavelength-dependent scaling for the Rayleigh scattering
components, so we iterate the procedure with parameter
adjustments within 25% of the value corresponding to the
initial minimum g, in order to obtain the best compromise
within uncertainty estimates. For the set of 327 maps for
the north polar region, the model parameters that yield
the best fit are: n2°° = 1.435 * 0.02, (%) = 0.00193 at 550
nm and 7% = 1.450 + 0.025, (r%°) = 0.0102, and [} =
0.043 at 365 nm. Haze optical thicknesses, (°°%) = 0.234
and (11%°) = 0.294, have been scaled from the average of
0.102 for all maps at 935 nm. Rayleigh fraction at 550 nm
for the haze layer is too small to be reliably determined
directly, but from scaling using the value found for 365 nm
it would be ~0.008.

Figure 3a shows the theoretical polarization degree
values for our best fitting unified model for the north
polar region and observational data plotted in P-P dia-
grams at all three wavelengths. Circles, triangles, and
X’s are observations on the morning side of the termina-
tor, the evening terminator, and their corresponding
theoretical values, respectively. Figure 3b displays the
absolute difference Pi, — Pi, against phase angle. We
note that only 6, 1, and 11 maps out of 327 maps have
more than 2% absolute difference at 935, 550, and 365
nm, respectively. This indicates that the present model
provides a relatively good fit to the data at all wavelengths
despite its limitations with respect to the single, average
haze layer for 550 and 365 nm.

Location of the haze layer in terms of atmospheric pres-
sure can be derived from the relation between gas optical
thickness for Rayleigh scattering and pressure (cf. Hansen
and Travis 1974)

6.17 X 10* A*

P(mb) = 0032 ™

(6)

where A is in micrometers. So the (r3¥°) value of 0.0101
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indicates that the top of the haze layer for the present 65 Jrn 365 7
model is at ~10 mb. Within the haze layer, the Rayleigh R — fon ™
fraction fr;, is simply converted into an equivalent optical

thickness i, from the relation: So the Rayleigh optical thickness of the gas within the
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haze layer is (13;) ~ 0.013, corresponding to 13 mb, which
therefore places the top of the cloud layer at the 23 mb
level.

Although the agreement represented by Fig. 3 is by no
means poor, the compromises associated with using scaled
haze layer optical thickness at 550 and 365 nm based upon
a single average at 935 nm over all 327 maps are apparent.
Therefore, we attempt to improve the approach without
incurring prohibitive computational demands by dividing
the maps into several groups according to the optical thick-
ness of the haze particles at 935 nm. Specifically, let us
investigate the following three cases in more detail: (1)
Thick haze model, denoted Ty: The group Ty consists of
23 maps with optical thickness of the haze layer at 935 nm
in the range 0.25-0.35. This group consists of parts of
branches A(15), H(7), and J(1). (Parenthetical entries are
the numbers of maps included from that branch.) (2) Me-
dium haze model, denoted M,,: The group M,, consists of
56 maps with optical thickness of the haze layer at 935 nm
in the range 0.07-0.13. This group consists of parts of
branches B(8), C(15), D(6), E(2), G(14), H(8), and J(3).
(3) Thin haze model, denoted T7,,: The group T, consists
of 56 maps with optical thickness of the haze layer at 935
nm in the range 0.04-0.06. This group consists of parts of
branches B(3), C(2), D(2), E(28), F(6), H(2), and K(13).

Since the maps within each of the three groups have
relatively similar haze optical thicknesses at 935 nm, the
assumption that polarizations at 550 and 365 nm are mostly
due to the temporal variation of the optical thickness of
gas above the haze layer is likely to be more realistic
for these groups than for the unified model. The same
procedure described above was used to obtain a best fitting
model for each group. Indeed, we now find that it is much
easier to derive the amount of the gas above the haze,
Rayleigh fraction inside the haze layer, and refractive indi-
ces of the haze particles while preserving the appropriate
scaling relation between average optical thickness of the
gas layer at 550 nm and that at 365 nm. The results of the
analysis for these three groups will be summarized later
along with those for the unified model, denoted U for the
north polar region and U} for the south. Also, theoretical
and observed polarization degree values are plotted in P-P
diagrams separately for the three groups in Figs. 4a, Sa,
and 6a, using circles, triangles, and X’s as defined for Fig.
3a. Figures 4b, 5b, and 6b show the absolute difference
between theoretical polarization values and observational
data plotted against phase angle. The maximum absolute
values of the differences for all three subgroups are roughly
2, 1.5, and 3%, at 935, 550, and 365 nm, respectively. The
number of maps with more than 1% absolute difference
Py, — Py, are 8, 20, and 13 in groups Ty, M, and T,,
respectively. Just 9 of those 41 maps have more than 1.5%
absolute difference and could benefit from a model with
different physical properties of the haze particles: 7 out of
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these 9 would have improved fits for particles with 7. =
0.26 um, vy = 0.28, and n, = 1.44 at 935 nm. The other
two maps need a smaller particle size, viz., rei = 0.24 um,
to show good agreement between the data and theoretical
values. These rather modest changes are still within the
estimated uncertainties of these parameters, thus sug-
gesting that our basic assumption that temporal variation
of haze particle physical properties should be relatively
small is in fact justified.

Because of the relatively smaller number of maps for
the south polar region, we considered only the single uni-
fied model for those observations rather than attempting
to define several groups as for the north polar region.
Specifically, we find the following physical quantities for
the unified model for the south polar region U§: (a) refrac-
tive indices and optical thicknesses of the haze particles
were n° = 1.45 = 0.02, (7% = 0.206 at 550 nm and
ni% = 1.455 + 0.02, (%) = 0.232 at 365 nm. (b) Rayleigh
optical thickness of the gas layer was (") = 0.00143 and
(m%5) = 0.00705. (c) Rayleigh fraction of the haze layer
was f&s = 0.118. Using Eq. (7) and the above values, we
find the optical thickness of gas within the haze layer in
the south polar region is 75 = 0.031.

All results of the physical properties and vertical struc-
ture of the haze layer are summarized in Table III. We
note that in addition to having slightly larger haze particles
in the south polar region, the top of the haze layer there is
slightly higher, while the top of the cloud layer is somewhat
lower. Also, the refractive indices at 550 and 365 nm for
the south polar haze are slightly larger than those for the
unified north polar region model, but by amounts that are
within estimated uncertainties as well as being on the same
order as the variation among the thick, medium, and thin
north polar region models.

5. CONCLUSIONS

Based upon the assumption that the variation of the
observed polarization at 935 nm is mainly due to temporal
variation of optical thickness of the haze layer, we have
analyzed the OCPP polarimetry observations of the polar
regions of Venus. Our objective has been to construct the
simplest model which can explain polarization observa-
tions at three wavelengths over a broad range of phase
angles for a period covering the first 2820 orbits (nearly
eight years) of the Pioneer Venus mission. In this context,
we have adopted particle characteristics for the base cloud
deduced from earlier analysis of ground-based polarimetry
(Hansen and Hovenier, 1974) and confirmed by in situ
measurements (Knollenberg and Hunten, 1980) and thus
focus on a detailed retrieval of the polar haze characteris-
tics. As described in the previous section and summarized
in Table III, the haze particle properties are consistent
with the prior identification of concentrated sulfuric acid
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and do not appear to exhibit significant change over time,
with the major temporal variation being attributable to
variation in the thickness of the haze layer. There are only
minor differences between the physical properties of the

haze particles for the two polar regions. The retrieved
haze particle properties and model vertical structure were
applied to data for the north polar region for 26 other
maps selected from orbit numbers 3350-4200. Only six
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TABLE III
Summary of the Physical Quantities and Vertical Structures of the Haze Particles around Both Polar Regions
Physical Parameters North Pole South Pole
of the Haze Particles Ul an T, (Thick) M, (Medium) T, (Thin) U am
Branches used for Model All except I ATH B,C,D,E,G,H,J|B,C,D,E,F,H,J | Al exceptI&J
Number of Maps N 327 23 56 56 234
Effective Radius(um) ) g 0.25+0.05 0.25+0.05 0.25+0.05 0.25+0.05 0.29:£0.02
Effective Variance Vo 0.25+0.10 0.25+0.10 0.25+0.10 0.25+0.10 0.25+0.03
n>> 1.430£0.010 1.430£0.010 1.430+0.010 1.430:£0.010 1.430+0.010
Refractive Index n>>’ 1.435:+0.020 1.450+0.010 1.445+0.010 1.435+0.010 1.450+0.020
n’® 1.450+0.025 1.465+0.015 1.450+0.020 1.470+0.010 1.455+0.020
Optical Thickness e 0.10+0.02 0.302:0.01 0.10:£0.01 0.05+0.01 0.10+0.02
of the Haze Layer 7> 0.2940.05 0.90+0.03 0.30£0.03 0.16+0.03 0.23:£0.04
Rayleigh Fraction jﬁf 0.04:£0.02 0.01£0.01 0.04+0.02 0.10+0.04 0.12+0.04
550
Optical Thickness < 1§GS > 0.002 0.002 0.002 0.004 0.001
of the Gas Layer < 1?55 0.010 0.008 0.011 0.019 0.007
< Toy > 0.013 0.011 0.013 0.018 0.031
Pressure Level of the Haze ~10 mb ~ 8mb ~11 mb ~19 mb ~ 7 mb
Top of a Layer Cloud ~23 mb ~19 mb ~24 mb ~37 mb ~38 mb

maps out of the 26 have more than 2% absolute difference
between the observed and theoretical polarizations and
the total RMS error increased by only 7%, implying that
the present model derived from analysis of the data from
orbit numbers 1-2820 can probably still describe the data
from later years.

Temporal variation of the haze layer optical thickness
may appear to have a decreasing trend over the long term
in both polar regions (Fig. 7a, and 7b), but the statistics
to support such a conclusion are meager. Optical thickness
vs phase angle (Fig. 7c) reveals no systematic pattern that
could raise concern about retrieval sensitivity to observa-
tion geometry. While there may be a qualitative indication
of optical thickness increasing or decreasing with quasi-
oscillations of roughly 170 to 200 days, lack of continuous
coverage makes such a characterization very tentative at
best. Only maps in the periods with orbit numbers around
700-900 in the north and 1100-1200 in the south show
clear peaks of the oscillations of haze optical thickness. It
has been suggested that there might be a correlation of
excessive haze with exceptional polar brightness (Dollfus
et al. 1979, Paper 1), but we have been unable to establish
such a correlation for the OCPP maps studied here.

If we plot optical thickness for maps in the north polar
region vs that for the south (i.e., for the 83 maps with same
orbit numbers) as shown in Fig. 8, there certainly seems
to be a correlation. Indeed, we find that the correlation
index is 0.7. Such a correlation raises interesting questions
about a possible mechanism that can affect vertical struc-
ture and/or haze production contemporaneously at both

polar regions. If the apparent quasi-oscillation period is
truly on the order of 10°-107 sec, then this would be
similar to the time scale of the meridional circulation
of the Venus atmosphere (Schubert et al. 1980, Del
Genio and Rossow 1990), suggesting a dynamical modula-
tion that could be symmetric. Esposito (1984) has sug-
gested a link between SO, from possibly current volca-
nism on Venus and variation in SO, abundance in the
cloud-top region. Although Magellan radar images may
provide evidence of geologically recent volcanic eruptions
and outflows (Smrekar 1994, Robinson et al. 1993, 1995),
we have no direct evidence that such active volcanism
presently is occurring. Further, there is some question
regarding the magnitude of eruption that would be neces-
sary to carry SO, to the cloud-top altitude through the
stable atmospheric layer below the cloud levels (Robinson
et al. 1995). Perhaps another possibility is variation in
solar ultraviolet radiation that plays a role in creating
the free oxygen necessary to convert SO, to sulfuric acid
in the haze layer region.

Through the present analysis of the OCPP polarimetry
observations from the Pioneer Venus mission, we have
been able to establish that the submicrometer haze in the
polar regions has relatively stable physical characteristics
despite its rather substantial temporal variation in the
amount visible above the base cloud of larger sulfuric acid
particles. Nonetheless, there are indications that further
investigation of short-term variations and the more com-
plex models that may be necessary to explain them as well
as examination of lower latitude regions are required to
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complete the picture regarding the haze and cloud tops
on Venus.
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